+ T-cells are central players orchestrating antigen-specific immunity and tolerance. Importantly, dendritic cells (DCs) are responsible for priming T-cells and for promoting their differentiation from naïve T-cells into appropriate functional cells. Because of their fundamental roles in controlling immunity, activation and differentiation of DCs and CD4 + T-cells require tight regulatory mechanisms. Several studies have shown that dopamine, not only mediates interactions into the nervous system, but it can also contribute to the modulation of immunity. Here, we review the emerging role of this neurotransmitter as a regulator of DCs and CD4 + T-cells physiology and its consequent involvement, in the regulation of immune response. We specially focus the analysis in the role of dopamine receptor D5 expressed on DCs and CD4 + T-cells in the modulation of immunity. We also discuss how alterations in the dopamine-mediated regulation of immunity could contribute to the onset and development of immune-related disorders.
THE NEUROTRANSMITTER-MEDIATED REGULA-TION OF T-CELL MEDIATED IMMUNITY
Dendritic cells (DCs) are the most potent antigenpresenting cells (APCs) specialized in initiation of adaptive immune responses by directing the activation and differentiation of naïve T-cells [1, 2] . These cells can capture both self and foreign antigens (Ags) in diverse tissues and migrate to secondary lymphoid organs to present captured and processed Ags on Major Histocompatibility Complex molecules to T-cells [3] . T-cell-DC synapses involve both soluble and contact dependent interactions that determine the nature of the T-cell response, by regulating T-cell activation and the acquisition of functional capability by CD4 + T-cells to promote immunity (effector T-cells, Teffs) or tolerance (regulatory T-cells, Tregs) [4] . Thus, depending on the signals that DCs provide to T-cells, they can promote the differentiation of naïve CD4 + T-cell toward distinct Teffs subsets, including T helper (Th) 1 (Th1), Th2 and Th17 [2, 5] . The Th1 phenotype is stimulated by the secretion of IL-12 by DCs. In contrast, a Th2 phenotype is favoured in the absence of IL-12 and in the presence of IL-4 during Ag presentation [6] . Th1 cells predominantly secrete IFN-to promote cellular immunity against intracellular pathogens and tumor cells. On the other hand, Th2 cells primarily secrete IL-4 which facilitates responses that efficiently eliminate extracellular pathogens, such as helminths and extracellular bacteria [7] . The Th17 phenotype, which primarily secretes IL-17, is promoted by TGF-and IL-6 and expanded by IL-23, which can be secreted by DCs during Ag presentation [5, 8] . It is thought that Th17 cells protect against extracellular bacteria, particularly in the gut, however they have also been extensively associated with autoimmune *Address correspondence to this author at the Fundación Ciencia y Vida. Avenida Zañartu #1482, Santiago, Chile; Tel: 56-2-3672046; Fax: 56-2-2372259; E-mail: rpacheco@cienciavida.cl; rpachecr@gmail.com diseases [5] . Another functional type of CD4 + T-cells are Tregs, a phenotype induced in the presence of TGF- [9] which mainly secrete IL-10 and TGF-and suppress several functions of Teffs, thus promoting Ag-specific tolerance [10] . The success of a particular immune response depends on the polarization of specific naïve CD4 + T-cells toward appropriate functional phenotype; thereby this process is tightly regulated. In this regard, deregulation in the differentiation of the functional phenotype of CD4 + T-cells could results in cancer, exacerbated susceptibility to infections or the development of autoimmunity.
Traditionally, it has been described that the function of immune cells, such as T-cells and DCs, is regulated by soluble protein mediators known as cytokines. However, an emerging number of studies have shown that immune system cells can be also regulated by neurotransmitters [11] . In this regard, it has been described that several receptors for neurotransmitters classically expressed in the nervous system, are also expressed on the surface of immune system cells. For instance, T-cells and DCs express some subtypes of glutamate receptors (GluRs), acetylcholine receptors (AChRs), serotonin receptors (5-HTRs), dopamine receptors (DARs), adrenergic receptors, and others (see some examples in Table 1 ). The identification of these receptors on immune system cells suggests that neurotransmitters play a physiological role in the regulation of the immune response and that deregulation in the activation or in the expression of these receptors could contribute to the development of autoimmunity or malignancies. Recent studies have revealed that some immune cells not only expressed neurotransmitters receptors, but they are also capable of synthesizing and/or capturing classical neurotransmitters and store them in intracellular vesicles ( Table 1) . Under specific conditions, these cells may release neurotransmitters from intracellular storages thus involving autocrine, paracrine, yuxtacrine and eventually endocrine communications between different leukocytes [10, 11, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] .
In this regard, some studies have revealed relevant neurotransmitters-mediated regulatory mechanisms in the function and differentiation of T-cells and DCs. For instance, it has been demonstrated that during Ag-presentation, DCs release glutamate and this neurotransmitter acts subsequently on T-cells [13, 27] . This neurotransmitter initially stimulates metabotropic GluR5 (mGluR5), triggering inhibitory signals mediated by a rise of cAMP, which impairs T-cell activation. However, when the interaction of T-cell receptor (TCR) with the peptide presented in the Major Histocompatibility Complex is productive, T-cells overcome the mGlu5R-dependent inhibition and begin to express mGluR1. Further stimulation of mGlu1R by DCs-derived glutamate potentiates T-cell activation and induces increased secretion of Th1-and pro-inflammatory cytokines, thus contributing to the acquisition of a functional phenotype of T-cells [12, 13, 27] . Other example of DC-derived neurotransmitter that regulates the T-cell response is Serotonin (5-HT). Under maturation stimuli, DCs begin to express the 5-HTtransporter, which mediates uptake of 5-HT from the extracellular compartment to be stored into intracellular vesicles. Subsequently, when mature DCs present Ags to Tcells in lymph nodes, DCs release these 5-HT-containing vesicles over T-cells, thus stimulating 5-HTRs expressed on these cells [18] . It has been demonstrated that, indeed, 5-HT is required for proper T-cell activation early by stimulating 5-HTR 7 [17] and 5-HTR 3 [28, 29] expressed on naïve Tcells, and later by stimulating 5-HTR 1 B and 5-HTR 2 C expressed on activating T-cells [30] . Another interesting group of studies have revealed the presence of the cholinergic system in T-cells [31] . These studies shown that CD4 + T-cells not only express nicotinic and muscarinic AChRs [19] , but they also express ACh-transporter and they are able to store ACh in intracellular vesicles [32, 33] . Upon TCR-stimulation, CD4
+ T-cells release ACh that stimulates AChRs in an autocrine manner, potentiating Tcell activation and favouring differentiation toward Th1 phenotype [34] [35] [36] . Acetylcholine ND nicotinic AChR [25] Noradrenaline/Adrenaline ND NAR/AR [26] (a) + Symbol indicates the capability to synthesize or capture the corresponding neurotransmitter from the extracellular compartment and store it intracellularly. ND, not determined. Advanced cancer (several types) 5.59 [40] (a) Increase in plasma DA levels is expressed as the ratio of average of plasma DA concentration from patients versus average of plasma DA concentration from healthy donors.
analysed and discussed recent studies relative to the contribution of DA as mediator in the function and differentiation of these cells [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] .
DOPAMINE AS A MODULATOR OF ADAPTIVE IMMUNE RESPONSE
DA from diverse sources can stimulate DARs expressed on CD4 + T-cells and DCs, and thus, this neurotransmitter may strongly regulate the initiation and development of the immune response. The primary source of DA for immune cells circulating into the blood vessels is plasma DA (see Table 2 ). Additionally, dopaminergic innervation of primary and secondary lymphoid organs through sympathetic nerves has been described [48] , which suggests the existence of direct DA-mediated regulation from nervous system over Tcells and DCs in lymphoid organs. Another source of DA available for immune cells corresponds to the autocrine and paracrine secretion of DA by some kinds of immune cells in secondary lymphoid organs. Accordingly, it has been described that human Tregs constitutively express tyrosine hydroxylase, the rate-limiting enzyme involved in DA synthesis, and they contain substantial amounts of DA and other catecholamines, while Teffs only contain trace amounts [10] . Tregs also express vesicular monoamine transporters. VMAT-1 and -2, which allow them to accumulate catecholamines in vesicular stores [10] . Interestingly, physiologically relevant amounts of DA are released by Tregs when stimulated by reserpine [10] , nontheless, physiological stimuli inducing DA release from Tregs are still pending to be determined. DCs constitute another kind of immune cells capable to synthesize and to store DA in intracellular compartments [23, 49] . In this regards, we have recently shown that murine DCs express the machinery necessary to produce and to store DA but not to take up DA from extracellular compartments [23] . Importantly, upon exposition to maturation stimuli, release of DA-containing intracellular vesicles is induced in DCs. In addition, Nakano et al., have proposed that human DCs contain intracellular DA, which is released upon Agpresentation to T-cells [49] .
Another source of DA and others neurotransmitters is the central nervous system (CNS). For a long time the CNS was considered to be an immune privileged site due to the presence of the blood-brain-barrier (BBB) and to the lack of lymphatics. Nevertheless, it is currently know that, during inflammatory processes, circulating immunocompetent cells are able to access to the CNS parenchyma [50] . In this regard, it has been shown that Teffs as well as Tregs and DCs are able to cross the BBB [51] [52] [53] [54] [55] [56] where they may be exposed to a variety of neurotransmitters. The presence of infiltrating immune cells into the CNS parenchyma has been detected in most of the neurodegenerative diseases studied [57] . In a pathological scenario involving the CNS, such as neurodegeneration or imbalance of glial homeostasis, initial neuroinflammatory processes induce brain endothelial cells to express a specialized pattern of adhesion molecules. These adhesion molecules induced by inflammatory processes subsequently allow activated T-cells to adhere to the vessels walls and to be recruited into de CNS parenchyma. T-cells that infiltrate the CNS are previously activated in the periphery, presumably in cervical lymph nodes, in which a sampling of CNS-associated Ags is constantly arriving through the cerebrospinal fluid that drains these lymph nodes. Interestingly, the expression of the chemokine receptor CCR6 by Th17 T-cells and the expression of its corresponding ligand, the chemokine CCL20, by epithelial cells of the choroid plexus have been shown to play an important role in facilitating T-cell entry into the CNS during the development of Experimental Autoimmune Encephalomyelitis (EAE) [58] , the murine model of the autoimmune disease Multiple Sclerosis (MS). Once T-cells enter into the CNS, they are restimulated by resident APCs, such as astrocytes, microglia, or by infiltrated APCs such as DCs and macrophages [59] . Cytokine production by infiltrating T-cells and activated APCs during inflammatory process can contribute significantly to the recruitment of innate immune cells and further circulating T-cells, since parenchymal BBB is disrupted following exposure to pro-inflammatory cytokines [55, 60, 61] .
DA may modulate the initiation and development of the immune response by stimulating different DARs expressed on immune cells. Five DARs have been identified to date: D1R, D2R, D3R, D4R and D5R. All of these receptors are hepta-spanning membrane proteins that belong to the superfamily of G protein-coupled receptors [62] . Based on their sequence homology, signal transduction machinery and pharmacological properties, DARs have been classified into two subgroups. Generally, type I DARs (D1R and D5R) are coupled to G s and subsequent stimulation of cAMP production, whereas type II DARs (D2R, D3R and D4R) are coupled to G i promoting inhibition of cAMP synthesis [63] . Despite Type I and Type II DARs are often coupled to stimulation and inhibition of intracellular cAMP production respectively [63] , they also have been found coupled to regulation of phospholipase C and ion channel activity [64] [65] [66] . On the other hand, due to the fact that different DARs present different affinity for DA, differential stimulation of DARs is induced depending on DA levels. In this regard, D3R has the major affinity for DA (Ki 27 nM), followed by D5R (Ki 228 nM) and then D4R, D2R and D1R (Ki 450, 1705 and 2340 nM, respectively) [67] [68] [69] [70] . Thus, depending on the concentration of dopamine, the differential coupling to cell-signaling, the specific DARs expressed and the kind of immune cell bearing DARs in the place where dopamine is available, this neurotransmitter may induce different effects in the immune response.
Emerging studies carried out on T-cells and DCs have demonstrated that these cells express mainly type I DARs, although they also express type II DARs. By using pharmacological approaches, a number of studies have described diverse functional effects for DARs expressed on T-cells and DCs [71] . The role of type I DARs in the physiology of these cells will be analyzed and discussed in next secctions. Regarding the role of D2R on T-cell function, it has been demonstrated that stimulation of this receptor promotes enhanced IL-10 production, a cytokine that negatively regulates the function of Teffs [14] . Addressing D4R stimulation, evidence indicates that this receptor triggers T-cell quiescence by up-regulating the Krüppel-like factor-2 (KLF-2) expression [72] . On the other hand, stimulation of D3R on CD4 + T-cells favours production of IFN- [73] . Furthermore, stimulation via D3R is thought to be involved in migration and adhesion of T-cells, thus modulating the homing of these cells [16, 73, 74] . With regard to type II DARs expressed on DCs, pharmacological evidence has suggested the involvement of these receptors in the attenuation of DA synthesis by regulating tyrosine hydroxylase phosphorylation [49] , which results in the subsequent attenuation of naïve T-cells differentiation toward Th17 phenotype [22] . However, the precise mechanism involved in this inhibition of Th17 response by type II DARs expressed on DCs remains to be elucidated.
REGULATION OF T-CELL MEDIATED IMMUNITY THROUGH D5R EXPRESSED ON CD4 + T-CELLS
Emerging evidence has shown a relevant role of D5R expressed on CD4 + T-cells in the function of these cells. Moreover, alterations in the expression of this receptor on CD4 + T-cells have been associated to the progression of immune related disease. As mentioned previously, all five DARs have been identified in CD4 + T-cells, nevertheless, there is a preferential expression of D1R and D5R in Tregs [75] . Unlike Teffs, Tregs express tyrosine hydroxylase and contain high amounts of intracellular DA stored in specialized vesicles expressing VMAT2 [10] . The capability of synthesizing and store DA and the expression of DARs have suggested an autocrine mechanism mediated by DA in Tregs. According to this notion, Cosentino et al., [10] have shown that the treatment of Tregs with reserpine, a drug that reverses the functioning of VMAT, promotes release of intracellular DA, which in turn exerts dramatic effects on the function of Tregs. However, physiological stimuli inducing DA release from Tregs are still pending to be determined. Addressing the role of DA on the Tregs physiology, two independent groups have shown pharmacological evidence indicating that, by stimulating D1R/D5R, DA reduces the suppressive function of Tregs [10, 75] . This DA-mediated inhibitory mechanism involves a reduction in IL-10 and TGF-production and diminished CTLA-4 expression, which participate in the cytokine-mediated and contactmediated suppression by Tregs, respectively. Thus, D1R/D5R-stimulation results in an impaired ability of Tregs to suppress Teffs proliferation [10, 75] (Fig. 1) . These findings support a pro-inflammatory role for DA-D1R/D5R-Tregs axis in which, by reducing Tregs suppressive activity, it can lead to an increased ability of Teffs to develop inflammatory responses. According to these findings, a recent study has analyzed suppressive function and expression of dopaminergic machinery in Tregs obtained from patients undergoing MS or from healthy controls [47] . This study shows that D5R as well as tyrosine hydroxylase were up-regulated in Tregs from untreated MS patients when compared with those from healthy controls, however both, tyrosine hydroxylase and D5R, were down-regulated when Tregs were obtained from IFN--treated MS patients. Importantly, IFN-treatment of MS patients improved their disease manifestation [76] . In addition, suppressive function was partial and completely inhibited by dopamine when Tregs were obtained from healthy controls and untreated MS patients respectively, however dopamine-mediated inhibition of Treg function was abolished when Tregs were obtained from IFN--treated MS patients [47] . Together, these findings support a key role for D5R in the regulation of Tregs activity and its association with autoimmunity. Thus, this data encourage the study and development of novel therapeutic strategies targeting D5R expressed on Tregs to fight against immune-related disorders such as autoimmunity or cancer.
MODULATION OF T-CELL RESPONSES BY D5R EXPRESSED ON DCS
A number of studies published during last five years have shown pharmacological evidence pointing toward an important role of type I DARs expressed on DCs as a relevant modulator of T-cell mediated immune responses, especially in autoimmune disorders. The first work addressing the role of DARs in DCs physiology, showed that antagonizing D1R/D5R expressed on human DCs altered acquisition of functional phenotype by naïve CD4 + T-cells increasing the Th1/Th17 ratio in DCs-T-cells co-cultures in vitro [22] . Moreover, the same authors reported later that human DCs contain intracellular DA storages, which are released during Ag-presentation to naïve CD4 + T-cells in vitro [49] . The in vivo relevance of these observations were evaluated by using a pharmacological approach in several animal models of autoimmune diseases such as EAE [22] , spontaneous diabetes mellitus in NOD mice [77] , Nephrotoxic serum nephritis [78] and rheumatoid arthritis in a SCID chimera mice [79] . In all these models, the treatment of mice with the systemic administration of a type I DARs antagonist, SCH23390, reduced disease severity by impairing the Th17 response. However, this pharmacologic approach does not allow the discrimination between the effects of D5R or D1R since the drug inhibits both type I DARs. In fact, SCH23390 not only displays similar affinities for D1R and D5R (K i =0.2 and 0.3 nM, respectively) [80] , but also displays comparable affinities for serotonin receptors 5-HT 1C and 5-HT 2C (K i =6.3 and 9.3 nM, respectively) [81, 82] . Furthermore, these studies could not confine the cell-type responsible for the amelioration effect. Importantly, EAE and the other autoimmunity models used in those studies are mediated mainly by T-cells but B-cells also contribute to the initiation and development of the disease [55, [83] [84] [85] [86] [87] . Type I DARs as well as 5-HTRs have been found to be expressed on many types of immune cells including DCs [88] , T-cells [10, 14, 16] and B-cells [89, 90] . Therefore, systemic treatment with SCH23390 could affect several types of immune cells. To restrict the contribution of DCs signaling to the amelioration of EAE, authors treated DCs with SCH23390 ex vivo and transferred treated cells into WT recipient mice [22] . A slight decrease in EAE severity was seen in mice transferred with SCH23390-treated DCs, however, such differences were not statistically significant [22] . Thus, this group of studies did not clarify the precise mechanism by which the type I DARs antagonist inhibits Th17 participation in autoimmune responses in vivo.
Recently, we have contributed to elucidate this mechanism using a genetic approach that allows us to determine the contribution of DCs and specific DARs to CD4 + T-cell differentiation and the consequences in EAE development. In agreement with previous studies [22] , we demonstrate that D5R-deficient mice exhibited delayed EAE progression with reduced severity compared with normal mice. By comparing WT and D5R-deficient DCs in vitro we determined that D5R signalling selectively affects IL-23 and IL-12 production by DCs and also contributes to CD4 + T-cell activation and proliferation [23] . Since IL-23 and IL-12 share the p40 subunit, it is probably that D5R expressed on DCs could regulate activation of a transcription factor involved in the production of this common subunit, such as STAT3 [91] . Nevertheless, this possibility is pending to be demonstrated. The in vivo relevance of the impairment in cytokine secretion by D5R-deficient DCs was demonstrated in EAE experiments with prophylactic transfer of DCs. These experiments show that mice transferred with D5R-deficient DCs displayed significant attenuation of severity in EAE manifestation and had fewer Th17 CD4 + T-cells infiltrating into the CNS at the peak of disease severity [23] . Initially, it was described that polarization to Th17 phenotype requires solely IL-6 plus TGF-, and IL-23 was just considered as a survival factor for differentiated Th17 cells. However, it has currently been established that IL-23 is necessary for full differentiation of activated T-cells into effector Th17 cells in vivo [8] . In this regard, it has been demonstrated that signaling triggered by stimulation of IL-23 receptor in Tcells is essential for the Th17 program in two important processes in vivo: First, promoting expansion and terminal differentiation toward Th17 cells in lymph nodes (between days 4-6 after naïve T-cell priming) and; Second during Th17 effector phase in target tissues by enhancing inflammatory activity and production of pro-inflammatory factors, such as IL-22 [92, 93] and GM-CSF [94] . These findings support the critical function observed for IL-23 in inflammation and autoimmunity [94, 95] . According to the first key role of IL-23 in Th17 responses, our recent findings [23] have associated D5R deficiency in DCs with a strongly impaired IL-23 production, which consequently results in a decreased CD4 + T-cell proliferation in Ag-specific co-cultures in vitro. This observation could explain the reduced frequency of Th17 cells infiltrated into the CNS of mice undergoing EAE [23] . Another possibility explaining the reduced Th17 frequency into the CNS of mice bearing D5R-defficient DCs during EAE could be an impaired Th17-migration into the CNS. In this regard, a defect in cell migration due to decreased IL-23 production can be ruled out since IL-23 does not affect the expression of Th17 migratory factors such as chemokine receptor CCR6 and the sphingosine 1-phosphate receptor [8] . However, an impaired migration of Th17 cells due to another factor involving D5R-deficiency in DCs, different of IL-23, can not be ruled out. Regarding the second key role of IL-23 in Th17-mediated immunity in the context of D5R expressed on DCs, it remains pending to be determined whether the reduced EAE severity in mice bearing D5R-deficient DCs is related with a lower production of IL-22 and GM-CSF by Th17 cells infiltrated into the CNS during the inflammatory process (Fig. 2) . Fig. (2) . Stimulation of D5R expressed on DCs potentiates Th17-mediated immunity in EAE. During Ag-presentation in secondary lymphoid tissues, D5R expressed on DCs is stimulated by DA released from sympathetic nerves or from themselves. Signaling triggered by D5R-stimulation, favours selective production of IL-12 and IL-23, cytokines necessary for Th1 differentiation and Th17 expansion, respectively. Early after EAE-induction, Th17 cells infiltrate into the CNS by a CCR6-dependent mechanism. Inflitrated T-cells are restimulated by local APCs, leading to local cytokine production. Pro-inflammatory cytokines secreted by infiltrating T-cells and activated APCs promote vasculature activation, which in turn, allows infiltration of further peripheral circulating T-cells into the brain parenchyma. Tcell derived cytokines, especially GM-CSF, promote subsequent myelin destruction and loss of motor function in mice. APC, Ag-presenting cell, DA, dopamine; IL-23R, IL-23 receptor; CCR6, C-C chemokine receptor 6; p40, p40 sub-unit shared by IL-12 and IL-23.
ALTERATIONS ON T-CELL FUNCTION DUE TO DEREGULATION ON DOPAMINE-MEDIATED NEUROIMMUNE COMMUNICATION AND THE DEVELOPMENT OF DISEASE
The presence of DA-mediated regulatory mechanisms involved in the modulation of the immune response suggests that deregulation of components of these mechanisms could be associated to the triggering, development or progression of immune-or neuroimmune-related diseases. Accordingly, an imbalance of plasma DA levels and deregulation of the expression of DARs on T-cells have been correlated with some disorders.
Regarding the deregulation of plasma DA levels in immune-related disorders, it seems that there is a trend in which plasma DA is increased in cancer [39, 40] but decreased in autoimmunity [38] . It has been described that in vitro exposure of T-cells to DA concentrations similar to those found in the plasma of cancer patients results in a general inhibition of T-cell proliferation and cytokine secretion [39, 96] . It is likely that this DA-mediated inhibition of T-cell function contributes to impair the antineoplastic immunity in cancer patients. Due to that stress is another condition in which plasma DA is significantly increased ( Table 2) , it can not be ruled out that increased DA levels in cancer is due to the stress of patients. On the other hand, low levels of plasma DA found on autoimmunity could have a role in these pathologies by allowing an exacerbated response of autoreactive T-cells. Thereby, the trend of high DA levels in malignancies and low DA levels in autoimmunity could constitute an important factor in the pathophysiology of these diseases and consequently should be considered for treatment and/or diagnosis. Given the imbalanced levels of plasma DA seen in diverse neurologic disorders, it may be too complex a process to establish the cause of the imbalance. Nevertheless, the effect of this imbalance on the T-cell function may sometimes results quite predictable. For instance, the pathophysiological condition of stress promotes increased levels of plasma DA ( Table 2) , which results in the inhibition of T-cell function and therefore increased susceptibility to infections and cancer [97, 98] . It is important to consider that, due to the fact that DARs display different affinity constants, differential expression in different immune cells, and differential coupling to cell signaling, altered DA levels could promote diverse effects in the immune response. These findings collectively suggest that selective stimulation of specific DARs on T-cells, which may be carried out by administration of selective agonist/antagonists, could improve T-cell response in some neurological and immunerelated disorders.
Not only an imbalance of DA levels can alter T-cell function, but also the deregulation of DARs expressed on Tcells could result in similar effects. Accordingly, abnormal expression of DARs on immune cells has been described in some neurological and immune-related disorders ( Table 3) . For example, it has been detected an increased expression of the D5R on CD4 + CD25 high Tregs [47] and a decreased D5R expression on CD4 + CD25 -Teffs in MS patients when compared to healthy individuals. In both subsets of T-cells, D5R stimulation promotes impaired T-cell function [10, 15, 75] . Thereby, alterations in D5R expression occurring in T-cells during MS would result in attenuated Tregs function and exacerbated Teffs activity, thus favouring the inflammatory process. Furthermore, it has recently been shown that amelioration of MS by treatment with IFN-is accompanied by restoration of levels of D5R expressed on Tcells subsets [47, 99] . DARs deregulation on T-cells has been also described in several neurological disorders. Some studies have suggested that the RNA levels of specific DARs subtypes expressed on T-cells could be used as peripheral markers for clinical diagnosis of these neurological and immune-related diseases ( Table 3) . More importantly, all of these studies suggest that the functional dialogue between DA and T-cells might be either up-or down-regulated in these diseases, playing a key element in the pathological scenario. Therefore, imbalanced neurotransmitter receptors expression on T-cells seems to be also an additional important factor that can be considered for the design of therapies for immune-or neuroimmune-related disorders.
CONCLUDING

REMARKS AND FUTURE PERSPECTIVES
Emerging evidence has indicated an important role of type I DARs, specially D5R, in the regulation of T-cell mediated immunity. These studies have shown pharmacological and genetic evidence suggesting a relevant role of D5R in the function of both, DCs and CD4 + T-cells. Whereas D5R expressed on DCs favours Th17-mediated immune responses, D5R expressed in CD4 + T-cells contributes to Tregs-mediated suppressive activity. Furthermore, a number of studies have shown alteration of plasma DA levels and expression of DARs on immune cells in the context of some immune-related diseases and some neurological disorders, suggesting an important role of DAmediated regulation of immune cells in diverse pathologies. Of note, clinical evidence has shown altered expression of D5R in immune cells obtained from MS patients, which is restablished upon treatment with IFN-, a treatment that improve the course of disease manifestation. Taken together this data indicates that D5R, and probably other DARs, expressed in DCs and CD4 + T-cells constitutes a key regulator of T-cell mediated immune responses. Thereby it should be considered as target molecule for future immunotherapies for the treatment of immune-relateddisorders such as cancer and autoimmunity. Currently, some efforts in this field are focused in pharmacologically targeting this kind of receptors as therapeutic approaches in vivo in animal models of immune-related diseases. However, for many cases, such as the case of type I DARs (D1R and D5R), no specific drugs are available. Thereby, future efforts should be focused into evaluate the targeting of these receptors in an receptor-specific way: for example developing new drugs (agonists/antagonists) specific for a particular receptor or, alternatively, targeting specific receptor expression (i.e. by ectopic up-or down-regulation with viral vectors). Moreover, not only receptor-specific therapeutic approaches are necessary, but the targeting (stimulation/ antagonism or expression/repression) of these receptors in a cell-specific way is also a future pending challenge. Furthermore, not only isolated targeting of neurotransmitter receptors should be assessed as therapeutic approaches in immune-related diseases, but also targeting different receptors in combination should be addressed. Finally, because during last decade immune-response has been strongly involved in the physiopathology of neurodegenerative diseases such as Parkinson's disease, Amyotrophic Lateral Sclerosis or Alzheimer disease, targeting neurotransmitter receptors in immune cells should be also considered as therapies in these disorders.
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